The inlet fogging of gas turbine engines for power augmentation has seen increasing application over the past decade. This paper provides the results of extensive experimental and theoretical studies conducted on impaction pin fog nozzles. It covers the important area of the fog plume pattern of impaction pin nozzles and examines fogplume uniformity. The subject of sprinkle (large droplet formation) from the nozzles is also examined in detail and is shown to be nonsignificant. The effect, on evaporation rate, of ambient climatic conditions and the location of the fog nozzle with respect to the gas turbine inlet duct has been analytically and experimentally analyzed. An Analytical model is used to study the evaporation dynamics of fog droplets injected in the inlet ducts the model is validated experimentally in a wind tunnel.
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INTRODUCTION AND BACKGROUND
Gas Turbine output is significantly impacted by the temperature of the ambient air, with power output dropping by 0.54% to 0.90% for every 1°C (1.8°F) rise in ambient temperature. This loss in output presents a significant problem to utilities, cogenerators and merchant power plants, particularly when electric demands are high during the hot months. Inlet fogging is a popular technique for boosting the hotweather performance of gas turbines and has been extensively implemented over the past decade. Inlet fogging fits the niche of low-cost power augmentation and has consequently become very popular.
The concept is a simple one in which a direct evaporation effect is derived by the use of fog generated by high-pressure pumps and atomizing nozzles installed in the inlet duct downstream of the inlet air filters. The fog evaporates in the inlet duct and cools the air down to the wet bulb temperature.
It is estimated that more than 700 gas turbines have been fitted with fogging systems including many modern class F gas turbines. In spite of this proliferation of inlet fogging systems, there is not much technical literature available covering the thermodynamics, physics and engineering principles that govern the fogging process. The first rigorous and detailed treatment was made by Chaker et al [1, 2, 3] and this paper builds on that foundation.
Fog intercooling 1 , which has been applied from the early days of gas turbine and jet engine technology is a technique that consists of spraying more fog than will evaporate under the given ambient temperature and humidity conditions so that non-evaporated liquid water droplets enter the compressor. The desired quantum of unevaporated fog is carried with the air stream into the compressor where it evaporates and produces an intercooling effect. The resulting reduction in the work of compression can give a significant additional power boost and an improved heat rate.
A review of the basic principles of fogging technology can be found in Meher-Homji and Mee [4, 5] . Early papers on fog intercooling and wet compression started to appear in the late 1940s including Kleinschmidt 2 [6] , and Wilcox & Trout [7] . Other references include Hill [8] , Arsen'ev and Berkovich [9] , Nolan and Twombly 3 [10] and Utamura et al [11] .
Most inlet fogging systems currently in operation employ one of two different types of fogging nozzles; swirl jet nozzles or impaction pin nozzles. This paper studies the behavior of impaction pin nozzles designed by Mee Industries as shown in Figure 1 and gives some commentary on swirl jet type nozzles as well. There are several misconceptions regarding the behavior of impaction pin nozzles and this paper makes a systematic study of several of them.
Figure 1. Impaction Pin Nozzle
Topics covered in this paper include:
• Effects of airflow velocity and ambient Relative Humidity on droplet size. Fogging systems have to operate at varying humidity conditions but, at this time, there has been no 1 Also known as overspray or wet compression. 2 This paper coined the term "wet compression". 3 Nolan and Twombly covered an application of fog intercooling on GE Frame 5 engines.
published systematic study of the effect of ambient conditions on fogging system performance.
• Effects of fog plume shape and non-uniformity caused by displacement of the impaction pin: In this paper we have made detailed measurements of the effect of partial pin displacement on droplet size and examined the behavior of the droplets in multiple locations in the spray plume. A discussion is also made of the forces required for movement of the impaction pin.
• Large droplet formation: A systematic study has been done of what we call the sprinkle effect. This effect can occur when the spray plume strikes the support side of the impaction pin. Water can accumulate on the pin and form large droplets, which are then stripped off and enter the airflow. The research presented here shows that the sprinkle effect occurs, with Mee impaction pin nozzles, only at lower than normal operating pressures and that sprinkle occurs with both swirl jet and impaction pin nozzles. But in both cases it has an insignificant effect on the performance of the fogging system or on the compressor blades.
• Heat and mass transfer model: A detailed droplet heat and mass transfer model was developed by Chaker [1] and is extended in this paper to include application to the whole range of droplets found in a typical inlet fogging spray. The results are provided for a range of ambient psychrometric conditions and graphical results are provided to assist gas turbine users in understanding the significance of droplet size on fog system performance. This model allows the calculation of evaporative efficiency and predicts the size of non-evaporated droplets that may enter the compressor. It also quantifies the reduction in evaporative efficiency that naturally occurs with an increase in ambient relative humidity. While this phenomenon is intuitively clear, the model and curves provide greater insight and a means for making practical calculations.
• Effects of fog nozzle location on fog system performance: The position of the nozzle array in the inlet duct is an important design consideration as it affects both the size of the initial droplet (due to the effect of airflow) and the residence time for the droplets in the duct prior to reaching the compressor. This subject is discussed in detail including an example of a typical installation.
EXPERIMENTAL SETUP
In order to measure droplet sizes in conditions similar to those found in gas turbine inlet ducts, a variable speed wind tunnel was used, as shown in Figure 2 . A brief description of the wind tunnel is given below and more information regarding its configuration and instrumentation may be found in Chaker [1, 3] . Fog is generated in the wind tunnel by forcing high-pressure, filtered and deionized water through the small orifice nozzles. In the experimental setup, a variable-speed-drive, positive-displacement, ceramic-plunger pump is used to generate water pressures up to 207 bar (3000 psi).
Droplet size measurement was done with nozzles located in the constricted section of the duct, where the highest airflow velocities are attainable. Measurements were taken at different locations in the spray plume using a Malvern Spraytec RTS5114 laser particle analyzer, as shown in Figure 3 . The Malvern system is based on a laser diffraction technique [12] . This is a spatial sampling system; consequently it allows the sampling of a large number of droplets instantaneously with a frequency up to 2500 Hz. A nozzle manifold, installed at the inlet of the duct, was turned off when measurements were taken at ambient conditions. For measurements with a saturated airflow these nozzles were turned on, Figure 4 , and a fog droplet filter was used, as shown in Figure 3 , to remove any un-evaporated droplets. Droplet size measurements, as shown in Figure 5 , were taken in the constricted portion of the wind tunnel, at different locations in the spray plume and at different airflow velocities. 
EFFECT OF AIR VELOCITY AND HUMIDITY ON DROPLET SIZE
It is important to understand the effects of airflow velocity and humidity on the atomization process because the nozzle manifolds can be installed at different locations in the inlet duct (with differing air velocities) and fog systems are operated under different ambient conditions.
In order to determine the effect of velocity, independent of air temperature and relative humidity (RH), studies were done resulting in Figure 6 , which shows the droplet sizes in the center of the plume and the weighted (for water flow) average across the plume. Droplet size measurements were taken at an axial distance of 7.6 cm (3") from the nozzle. The airflow velocity varies from 0 to 15 m/sec (0 to 3000 ft/min).
From Figure 6 , it can be clearly seen that there is a significant decrease in the measured droplet size when the velocity is increased from 0 and 5 m/sec (984 ft/min). This is due to the fact that the droplet population near the nozzle is very dense and many collisions occur. Collisions result in droplet agglomeration. As the air velocity is increased, droplets of different sizes (with inherently different penetration velocities) are separated into different flow paths and droplet collisions are markedly decreased. At a higher airflow velocity, the smaller sized droplets react quickly to the airflow and take different trajectories as compared to the larger droplets.
To give an idea of the different response times, the largest droplets, of the order of 50 microns, have a response time of less than 8 milliseconds, while droplets of 10 microns have a response time of only about 0.3 ms. Therefore, when the difference between droplet velocity and airflow velocity near the nozzle orifice is around 10 m/s (1,970 ft/min.) a droplet of 50 microns needs 8 cm (3.15") to adjust its velocity to the airflow velocity while a droplet of 10 microns needs only 3 mm (0.12") At higher air velocities, the center-of-plume measurements become much smaller than the average measurements because more and more of the smaller droplets are pushed towards the center of the plume, due to their faster response time. Figure 7 . Note that the effect of higher air velocity, i.e. decreased droplet size due to fewer collisions, is more pronounced close to the exit of the nozzle and diminishes as the axial distance increases until it disappears, for the nozzle tested, at around 20 cm (7.8") downstream from the nozzle exit. Nozzles which produce inherently larger droplets, or which have higher flow rates, can have coalescence effects that continue as much as 50 cm (20") downstream. In order to experimentally quantify the effect of rapid small droplet evaporation, measurements were taken at two airflow velocities, 3 m/sec and 13 m/sec (590 ft/min and 2560 ft/min), and for two sets of air conditions; 30°C (86°F) with 40% RH (defined as ambient in the chart) and 20°C (68°F) with 100%RH (defined as saturated).
Figure 7
shows that droplet size near the orifice is not much affected by the psychrometric properties of the air, while the velocity of the air has a dramatic effect. There is only a very small difference in the droplet size measured in cool, saturated air (the solid lines) where evaporation cannot occur, and the size measured in hot, dry air (the solid lines) where evaporation could occur. On the other hand, there is a big difference between droplet sizes at low air velocity (the dark violet lines) and at high air velocity (the green lines.)
Note that the two sets of lines high on the chart show the Dv90 diameters while the two sets of lines lower on the chart give the D32 diameters. The reason for the difference in the two droplet sizes can be understood from the definitions given in Annex 1. In studying the curves, one can see that the dashed lines, representing droplet size at non-saturated conditions, start to fall away from the solid lines, representing droplet size with dry air conditions, as the fog moves away from the nozzle orifice. This shows the very small effect of evaporation. 
EFFECT OF PLUME SHAPE ON DROPLET SIZE
Pin Dislocation and Droplet size
Concern has been voiced that the dislocation of the impaction pin could cause deterioration in the plume shape that this might result in an increase in the size of droplets produced by the nozzles. First it should be noted that dislocation of the impaction pin nozzle is not easily accomplished due to its structural strength. The pin can be deflected only by striking it a blow with a hard object or by the use of pliers. It is not possible to distort the pins by hand 4 . During installation, the nozzles are protected with plastic caps that are removed only after all work of installation has been finished and the system is ready for operation. The nozzles are unlikely to be damage thereafter, as they are located inside the inlet duct.
In order to understand and quantify the effect of pin dislocation, a nozzle's impaction pin was physically bent using pliers so that the nozzle would produce a distorted spray plume, as shown in Figure 8 . The photograph clearly shows that the fog in the upper part of the plume is denser than in the lower sector. Detailed measurements of droplet size were then taken in the distorted plume. The nozzle was rotated, in increments of 45 degrees, so as to characterize the droplet size in the plume in all directions.
Droplet tests were done at two airflow velocities and at 1.3 cm (0.5") form the nozzle orifice. Results given in Figure 9 show that even though the plume looks distorted, the droplet diameter sizes (D32 and Dv90) are remarkably constant. Results for measurements taken at 7.6 cm (3") away from the nozzle orifice, as given in Figure  10 , also show minimal scatter, about 2 microns. These tests indicate that as long as the impaction pin is above the orifice, even in a noncentered position, the nozzle characteristics do not change 4 An axial force of about 200 lbs would result in breakage. Fatigue tests indicate that the pin would have to be distorted back and forth by 120 degrees 8 times before failure. significantly. Furthermore, nozzles with highly distorted spray plumes are easily found and replaced during system startup or periodic inspections. By comparing droplet sizes of the undamaged nozzle shown in figure 7 and the distorted plume nozzle shown in figure 9 and figure 10, one can see that at both distances from the nozzle orifice the measured diameters are essentially the same. 
Creation of the Nozzle Spray Plume
The shape of the fog plume created by the impaction pin nozzle at different operating pressures was studied in this set of experiments. Close-up, high-speed photographs of the nozzle spray plumes (Figures 12 and 13) were taken in order to better understand plume formation and atomization process. With the impaction-pin nozzle, water is forced through a short, smooth orifice and hits the impactionpin at a velocity that depends on the applied pressure. At 138 bar (2000 psi) the water jet exits the orifice at a velocity of about 160 m/s (525 ft/sec). A properly designed impaction pin nozzle splits the water jet when it impinges on the sharp tip of the pin and a thin conically shaped sheet of water is formed. (A poorly designed impaction pin does not form a sheet and produces larger droplets.) The water sheet thins as it expands, then breaks apart into small droplets. Breakup occurs when the aerodynamic forces, which result from turbulence caused by the extremely high velocity of the sheet, overcome the surface tension of the water.
At low operating pressure, surface tension causes the conical sheet to begin to close up. This phenomenon can be seen in Figure  12b where the operating pressure is 34 bar (500 psi). At very low pressures, the sheet closes back on itself and forms a hollow, bulbshaped structure. As pressure is increased, the momentum of the sheet forces it to open up until it thins to a point where surface tension eventually rips it apart. This results in the formation of fingers or ligaments of water, which then break apart to form small droplets. Finger or ligament formation can be clearly seen in Figure  12a . At pressures higher than about 103 bar (1500 psi), Figure 12f for instance, finger or ligament formation is no longer visible.
Droplet Formation and the Weber Number
The Weber number is a dimensionless number that is helpful for understanding and predicting sheet or droplet breakup caused by aerodynamic forces. The Weber number is the ratio of aerodynamic forces to surface tension forces and is given by the equation:
When the Weber number exceeds about 13 [13] , the forces of aerodynamic turbulence overcome the force of water tension and breakup occurs. In theory, the mean droplet size produced is estimated to be proportional to the square root of the sheet thickness at the point of breakup [14] . For a given nozzle increasing the operating pressure increases the sheet velocity so that the point at which sheet break up occurs moves closer to the tip of the pin. This effect is shown in Figure 11 , which was plotted using measurements taken from the photos in Figures 12 and 13 .
The conical sheet formed by the impaction pin nozzle expands and slows as it moves through the air. The thickness of the sheet is a function of the orifice and pin geometry and, in the absences of drag would be proportional to the inverse square of the distance from the point of the impaction pin. In the real world, drag acts to increase sheet thickness, or keep it about the same, by causing the sheet flow to backup on itself.
As mentioned above, a thinner sheet will produce smaller droplets, all other things being equal. When operating pressure is increased the point of atomization moves closer to the orifice but the cone angle also increases. At this new point of atomization the sheet is probably actually thinner so that smaller droplets are produced. This agrees with our empirical data, which shows smaller droplets and higher flow rates for increasing operating pressure. The Weber number seems to approximately apply to the sheet break up for the nozzle being discussed. If we assume demineralized water at normal ambient temperature and standard atmospheric air, then the term r a /g w is equal to about 17.36. If we assume the sheet velocity is about 100 m/s (328 ft/sec) at the point of atomization (i.e. we assume that it has slowed considerably from its initial velocity of 160 m/s) and assume a sheet thickness as 75 microns [75 X 10 -6 m] (i.e. assume it has not thinned) then we get a Weber number of 13. In fact any combination of sheet velocity and thickness, the product of which is equal to 0.75, will yield a Weber number of about 13. But since we know the velocity didn't increase and we know the sheet thickness is of the order of 75 microns, we can approximately determine the Weber number.
The Sauter Mean Diameter (SMD or D32) of a fog spray is reported to be approximately equal to the square root of the thickness of the sheet at break up. Using the laser particle analyzer described above, the SMD for this nozzle was found to be about 9 microns. In the above approximation we assumed a sheet thickness of 75 microns, at 138 bar (2000 psi). The square root of 75 is 8.6, which shows a surprising degree of agreement with the measured values. Confirming these approximations will be the subject of future research at Mee Industries.
NOZZLE SPRINKLE AND PIN SHADING EFFECTS
When operating pressure is low, the impaction-pin nozzle may exhibit large droplet formation, which we call sprinkle. A detailed study of large droplet formation was conducted and results are given here. Sprinkle occurs when the conical water sheet contacts the wider portion of the impaction pin. Airflow or gravity eventually strips these very large droplets off the pin and they are broken up by collision with the high velocity spray plume.
Sprinkle formation can be seen in the photos in Figure 12 , which shows spray plumes generated at operating pressures ranging from 34 to 103 bar (500 to 1500 psi). One can see that the size of drops emitted from the pin decreases significantly and becomes almost invisible at the higher pressures. Looking at Figure 13 we see that, at 138 bar (2000 psi), sprinkle formation has completely disappeared.
The quantity of water emitted from the pin as larger droplets (sprinkle) was estimated at an operating pressure of 34 bar (500 psi) by estimating the size of the droplets and counting the rate of formation. It was observed that droplets of about 2 mm were produced at the rate of about one per second, which equates to about 0.3% of the total mass flow of the nozzle. The 2 mm droplets shatter when they are ejected into the vigorous spray plume and smaller droplets are formed. The laser particle analyzer is capable of measuring droplets up to 400 microns, with its current lens configuration, but since the mass flow is so low the large-droplet data has only a negligible effect on the measured droplet size.
During nozzle testing in the wind tunnel it was noticed that swirl jet nozzles also produce sprinkle. The lower exit velocity of the swirl jet nozzles results in some very small droplets being re-circulated back to the face of the nozzle where they agglomerate and eventually form a large droplet. When this droplet reaches a critical size it falls off the nozzle or is suctioned back into the spray plume where it is shattered into smaller droplets. This mode of sprinkle occurs even at the higher operating pressures. No attempt was made to quantify the amount of sprinkle from a swirl jet nozzle but it is probably also a statistically insignificant amount. It was also noted that impaction pin nozzles other than the Mee nozzle, which do not have good sheet formation, produce sprinkle even at high operating pressures.
In the typical operating range for impaction pin nozzles, which is 140 to 210 bar (2000 to 3000 psi), the sprinkle effect either goes away completely or is too small to be visible. This is because at higher operating pressures the point of atomization occurs before the water sheet reaches the pin and the fog droplets are small enough to follow the flow lines around the pin.
Our conclusion is that sprinkle from impaction pin nozzles is either non-existent or insignificant at normal operating pressures. 
DROPLET HEAT AND MASS TRANSFER MODEL
Before trying to understand the complex properties and behavior of the whole mass of fog droplets emitted from the nozzle, it is helpful to study the properties and behavior of individual droplets. This understanding can then be extended to study the interaction between a single droplet and the other droplets and their interaction with the carrying phase (air). The study of an isolated droplet is first treated using the classical assumption of spherical symmetry for both the liquid droplet and the surrounding air. The behavior of a single droplet injected into the airflow will first be analyzed, then a study of the effect of the velocity on droplet thermodynamics and trajectory will be done.
A numerical model of droplet behavior was developed (Chaker et al [1] ). This model works in iterative manner and provides the transient behavior of fog droplets in terms of the droplet diameter, change in relative humidity and temperature and time to attain saturation. The iterations stop (I=I max ) when the air in the volume around the droplet within Active Radius (RA) becomes saturated or when the droplet evaporates completely. The process is shown in the flow chart of Figure 14 .
The model makes a quantitative analysis of fog droplet behavior in gas turbine inlet ducts possible. As soon as a droplet touches the air, and if the vapor pressure near the droplet surface is higher than the vapor pressure of the air far from the droplet (i.e. the droplet is in unsaturated air), evaporation of the droplet starts to occur. In order to balance the evaporation (mass transfer), the droplet has to loose a quantity of energy (heat transfer), which reduces the temperature of the droplet and of the air surrounding it. Depending on the droplet relative velocity, either natural or forced convection will occur. Natural convection occurs when the relative velocity of a droplet compared to the surrounding air is zero, and forced convection occurs when a relative velocity differential exists.
The effect of velocity on evaporation is not significant in our conditions (the effect is less than 10% for 50 microns droplet and further decreases when the droplet size diminishes) because the droplets are very small and their response time, in our experimental conditions, is lower than 10 ms [3] . This means that the use of single droplet model gives a good estimation of the behavior of all the droplets in the duct.
Model Results and Discussion
The basic model was described in detail in Chaker et al [1] and it has now been extended so it may be applied to the entire distribution of droplets. The droplet size distributions collected by the laser particle analyzer typically have 30 to 40 classes of droplet size. By calculating the evaporation time of each size class, it is possible to calculate the evaporation efficiency of the entire distribution. The basic procedure is as follows: First we insert into the model the volume percentage of all the size classes and other initial data such as droplet temperature and the psychrometric parameters of the air. Second, we calculate the evaporation rate of each size class and then, by multiplying each class by the percentage of the volume of water evaporated, we calculate the new initial conditions and iteratively reinsert them in the model, until the final solution is derived.
The results are shown in Figures 15, 16 and 17, which are discussed in detail below. Taking into account the different ambient psychrometric conditions that may typically exist with inlet aircooling in different climate zones, based on analysis done by Chaker et al [15, 16] , three initial ambient conditions have been considered:
• 45°C (113°F) and 5% RH: Hot and dry (HD) desert weather conditions with evaporative cooling potential of 26°C (47°F)
• 30°C (86°F) and 55% RH: Typical temperate climate summer condition with cooling potential of 8 °C (14.4°F)
• 15°C (59°F) and 80% RH: Cold and Humid (CH) weather conditions with 2°C (3.6°F) of cooling potential.
Figure 14. Computational Model for Droplet Evaporation
Discussion of Evaporation Dynamics for Single Droplets
A set of curves that show the behavior of individual fog droplets at the three different initial ambient conditions are given in Figure 15 (note that Ta i , and RH i , refer to the initial air temperature and relative humidity, respectively). In the charts on the left side of the figure (a, c and e), the abscissa is the initial droplet diameter (Dd i ) and the ordinate provides the time required to reach the humidity level given by the different curves.
In the charts shown on the right side (b, d and f), the abscissa is again the initial droplet size and the ordinate is the droplet diameter at the point time when the humidity given in the different curves is reached. The curves give an understanding of fog droplet evaporation as noted in the observations ahead: Figure 15b , and entering the abscissa, again at 20 microns, we move up to the 95% RH curve and, reading from the ordinate, we note that the droplet evaporated down to a diameter of about 4 microns.
• Doing the same exercise with Figure 15c we see that with cooler and moister ambient conditions the time required to attain 95% RH with a 20-micron droplet increases to about 2 seconds. And moving to 15d we see that evaporation to 95% RH reduced the 20-micron droplet to just 9 microns.
• In examining charts we see the critical importance of droplet diameter. For example if we start with droplets of 40 microns, and assume that we have only one second residence time before the droplet reaches the compressor (typical for an inlet fogging system), we see that the relative humidity has been increased only to 60% and the remaining droplet is still more than 30 microns in diameter. Obviously an inlet fogging system that produced droplets in the 40-micron range would not be very efficient and would introduce large droplets to the compressor.
• We can see that ambient conditions play a major role in speed of evaporation. With typical summer time conditions for a temperate climate (Figures 15c and d) , the time required to reach 95% relative humidity increases to 2 seconds and the remaining droplet is 9 microns. Contrast these values with the values for the desert climate, given in the example above, where they were 1.1 seconds and 4 microns.
Discussion of Evaporation Efficiency for Entire Spray
The Volume frequency and cumulative volume for two initial ambient cases of 45°C (113°F) with 5%RH and 15°C (59°F) with 80% RH are shown in Figure 16 and 17 respectively. These charts are based on a 1 second residence time, as that is typical for gas turbine inlet ducts. The charts were constructed using the curves of Figure 15 and computing the evaporative efficiency for each different class of droplet sizes. This allows a determination of the evaporated water and non-evaporated water that would be expected from fog systems. Between 30 and 40 classes of droplet diameter were considered, depending on the range of droplet size distribution.
The most important quantitative factors for the fog spray are the surface area of water exposed for evaporation (which affects the evaporative cooling efficiency of the spray) and the size of the largest droplets (which affects the potential for compressor blade distress as well as giving in indication of the amount of water that will fall out in the duct) [2, 3] . Given the above, the SMD, which is equal to the volume-to-surface-area ratio of the entire spray, and the Dv90 numbers are of primary importance. However, The presence of a large number of small droplets, which can represent a negligibly small quantity of injected water, can significantly reduce the D32 value. Since the total mass of small droplets is insignificant for the cooling process, using SMD alone can be misleading. When comparing two different nozzles it's best to use Dv90. DV90 is relatively unaffected by numerically large populations of small droplets, that may represent a very small collective mass. Therefore, Dv90 was used to select typical droplet size distributions to characterize the evaporation efficiency of injected water droplets.
In Figures 16 and 17 , data has been provided for three different fog droplet distributions with Dv90 diameters of about 18, 28 and 46 microns. These distributions were chosen as being representative of nozzles that have been applied for inlet fogging (the 18-micron distribution being representative of that produced by Mee nozzles at 138 bar, or 2000 psi).
In Figure 16a and b, the initial Dv90 diameter is 18.5 microns, it can be seen that the total injected water (the blue line) and the evaporated water (the red line) follow the same curve, and therefore the non evaporated water (the green line) is at zero. In Figure 16c and d with a Dv90 of 28.1 microns, we see that there is some separation of the blue and red lines. In Figure 16d , we see that the evaporated water curve never reaches more than 95%, so the unevaporated water is about 5%. The remaining spray has a Dv90 size of up to 39 microns. The reason for the increase in Dv90 (from 28 to 39 microns in this case) is the fact that the smaller droplets evaporate to zero, while the largest droplets get only slightly smaller. Figure 16 e and f shows a Dv90 of 46.2 microns, the un-evaporated water increases to 14% and the Dv90 size of the non-evaporated droplets is as high as 59 microns. Figure 16 except that the initial psychrometric conditions are much cooled and moister. The picture changes significantly. In examining Figure 17a , we see that the majority of the un-evaporated water (the green line) consists of droplet sizes between 10 and 30 microns and the maximum volume percentage of un-evaporated droplets are in the 17-micron size class. In looking at Figure 17b , one can see that 25% of the water did not evaporate. This is very interesting when viewed in comparison with the hot and dry climate conditions (Figure 16a and b) where all the fog evaporated. Looking at the graphs of 17c and e, where the initial droplet size is 46 microns, we see that the amount of non-evaporated water increases significantly (to almost 70%), as does the maximum final droplet size (80 microns).
Figure 17 is similar to
It is important to note here that the size of un-evaporated droplets for a Dv90 distribution of 18.1 microns varies between 10 and 30 microns, while this number increases to between 10 and 50 microns for a Dv90 distribution of 28.1 microns and reaches a value between 10 and 80 microns for a Dv90 distribution of 46.2 microns. In addition to the decrease in evaporation efficiency the considerably higher Dv90 may also have a negative impact on compressor blade life. The position of the nozzles manifold in the duct should be chosen with care. In general there are three positions in the gas turbine duct where nozzle manifolds could be installed.
• Close to the inlet filter housing where the airflow velocity is around 2.5 m/s (500 fpm), this position is commonly used for evaporative fogging applications.
• After the silencer where the velocity is around 12.7 m/s (2500 fpm). This position is used for evaporative fogging and for combined overspray fogging.
• In the duct close to the axial compressor inlet, which is the typical overspray installation, where the residence time will be of the order of 0.2 seconds. The velocity here would also be close to 12.7 m/s (2500 fpm)
Installing the fog manifold close to the inlet filter housing, the airflow velocity is low, leads to longer residence time and, therefore, better evaporative cooling efficiency. However, the fog spray is polydispersed so the penetration velocity of the bigger droplets emitted from the nozzle orifice is higher than the penetration velocity of the smaller ones and, consequently, droplet collision and coalescence occurs.
By installing the nozzle manifold after the silencer, the coalescence effect is reduced significantly due to the fast response time of the smallest droplets to the high airflow velocity. Large and small droplets are separated into different flow paths and collisions are greatly reduced. The higher Weber number may also lead to secondary droplet breakup. A typical nozzle that produces a Dv90 of 25 microns at the lower velocity of the air-filter house will produce a Dv90 of 20 microns in the higher air velocity that exists after the silencer. By installing the nozzles manifold after the silencer however, the residence time of the droplets in the duct is typically reduced from 1 second to just 0.3 seconds.
Given the above, the position of the nozzle manifold in the duct should be chosen by taking into account the trade-off of droplet size and residence time in the duct. Since all the droplets are small enough to quickly take the velocity of the airflow, the effect of the velocity itself on the evaporation rate is negligible. In cases where maximum evaporation efficiency, minimum fallout and no overspray are desired, locating the nozzles in the filter house will almost always be the better option.
An example is provided here for a hypothetical gas turbine with a mass flow rate of 500 Kg/s, with ambient psychrometric conditions of 30°C (86°F) and 20% RH and with a fog injection rate of 5 kg/s. Only 3 kg/s of water are required to saturate the 500 kg/s airflow so the remaining 2 kg/s of water (0.4 % of total airflow) becomes overspray.
By using the droplet size distributions measured at 2.5 m/s (filter-house velocity) and 12.7 m/s (duct velocity), calculations were made to determine the quantity of water that will be evaporated within 1.2 seconds (for the 2.5 m/s distribution) and 0.2 second (for the 12.7 m/s distribution).
The results for a residence time of 1.2 seconds are shown in Figures 18 and 19 . In looking at Figure 18 , the un-evaporated water has droplet distribution sizes of 18-40 microns. The un-evaporated water (overspray) will reach about 5% of the total injected fog, as can be seen in Figure 19 . The evaporation efficiency (using the active radius approach) after 1.2 seconds, with ambient conditions of 30°C (86°F) and 20% RH and using the size distribution measured at 2.5 m/s, is 94.4% (Red curve in Figure 19 ). The Dv90 as can be seen from Figure 19 is 25 microns. In this conditions, the installation of the nozzles manifold in the inlet filter housing leads to a better evaporation efficiency (94.4%) compared to the second position close to the axial compressor inlet with an evaporation efficiency of 77%.
By injecting 5 kg/s (0.4 % Over spray), it is clear that we can reach saturation in both cases (0.94*5=4.7 Kg/s in the first case, and 0.77*5=3.9 kg/s in the second case) and only 3kg/s is required to reach saturation. Therefore the wet bulb temperature is reached in both cases. Considering a residence time of 1 second and assuming a hot and dry day, the evaporative efficiencies will range between 85-≈100% for sprays with a Dv90 ranging from 18-46 microns. Even on a cold and humid day, this would hold true for Dv90 of 18.5 microns, while the evaporation efficiency decreases to around 32% for a Dv90 of 46.2 microns. 
Experimental Verification of the Evaporative Efficiency
Model.
Experimental testing was conducted in the wind tunnel to validate the results of the theoretical evaporation efficiency model. The results of this are shown in Figure 23 . In this figure, the solid blue line is the evaporation efficiency predicted by the model and the experimental test points are also provided. It can be seen that there is a close correlation between the results predicted by the evaporation model [1] and the experimental results from experiments conducted in the wind tunnel at different airflow velocity and ambient conditions.
In examining the fit between the predictive model and the actual test results, it can be seen that the model slightly under-predicts evaporative efficiency at the lower residence time (for example the data point around 0.4 sec residence time). The model slightly under predicts efficiency for residence times ranging from 0.9-1.5 seconds. The reason for this is that the model assumes that each drop has the required volume to saturate the air around it but in reality, this is not the case. Close to the nozzle the droplet population is very dense and also there will be some regions of untreated air between the nozzles. Therefore the model tends to overestimate the evaporative efficiency for very short residence times. As the residence times increase, the small droplets tend to evaporate faster thus increasing the relative humidity so making evaporation of the larger droplets more difficult.
It is important to note that the deviations are exceedingly small, however a physical explanation has been provided to understand the reasons for the deviation. Work is underway to extend the model further to incorporate these factors.
This model was verified using experimental data from a wind tunnel. The experiments were done without the presence of a silencer or any other obstructions such as trash screen or heating tubes. In real gas turbine ducts, the impact of large droplets with these obstructions, may lead to a decrease in evaporation efficiency and an increase of the Dv90 of the non-evaporated fog droplets. Due to the large variations of geometry of gas turbine inlet configurations it is not practical to simulate them all. Each configuration needs to be treated on a case-by-case basis. The model extension planned will incorporate these effects.
Depending on the inlet duct geometry, the airflow velocity may vary between the different regions in the inlet duct [17] , and the fog nozzle should, therefore, be distributed in such a way to take into account this difference in airflow velocity. Such distributions will aid mixing and reduce temperature deformation at the compressor inlet. 
CLOSURE
This paper has provided the results of extensive experimental and theoretical studies conducted on impaction pin fog nozzles used for gas turbine inlet air fogging and the dynamics of inlet fogging in general. It has been shown that inlet fogging nozzles produce smaller droplets at higher airflow velocities but that ambient humidity levels do not significantly affect droplet size, when measurements are taken within about 20 cm (7.9") of the orifice. Droplet size tests were performed on nozzle with intentionally dislocated impaction pins and it is shown that, unless gross impaction pin dislocations are made, the droplet size remains essentially the same. The phenomenon of large droplet generation (sprinkle) from both impaction pin and swirl jet nozzles has been examined and in has been shown that, for the Mee impaction pin nozzle, sprinkle goes away at the higher operating pressures and does not significantly impact fog system performance or operational safety. An improved numerical model for predicting fog evaporation rates is presented along with discussion and curves for different initial conditions. The curves make it possible to quantitatively analyze different fog sprays under various ambient climate conditions. The given data are applied to a discussion of the ideal location of fog nozzles in the gas turbine intake air duct and the effect that a particular location will have on the evaporative efficiency of the fog system, as well as the droplet size of fog that may enter the compressor. Experimental results for evaporation time were found to be compatible, within the range of experimental uncertainty, with the predictions obtained by the numerical model. Theoretical results [1] Experimental data
